Fabrication and characterization of organic photovoltaic devices using surface functionalized carbon nanotubes and vertically aligned poly(3-hexylthiophene) nanobrushes. by Wong, Man Keung. & Chinese University of Hong Kong Graduate School. Division of Materials Science and Engineering.
Fabrication and Characterization of Organic Photovoltaic Devices 
Using Surface Functionalized Carbon Nanotubes and Vertically 
Aligned Poly(3-hexylthiophene) Nanobrushes 
WONG, Man Keung 
A Thesis Submitted in Partial Fulfilment 
of the Requirements for the Degree of 
Master of Philosophy 
in 
Materials Science and Engineering 
The Chinese University of Hong Kong 
November 2010 
U 中 大 ； ； ： ， 一
 n , i
 B 
Thesis/Assessment Committee 
Professor CHU，Ming Chung (Chair) 
Professor ONG, Hock Chun Daniel (Thesis Supervisor) 
Professor WANG, Jianfang (Committee Member) 
Professor BELLO，Igor (External Examiner) 
Abstract 
Since the discovery of conducting and semiconducting organic (and polymeric) 
compounds, it was shown these organic materials have enormous potential as active 
components in photovoltaic cells. In order to improve the organic photovoltaic device 
performance, scientists have been used different approaches from synthesis of new 
organic materials to design and construction of new device architecture. 
In this study, multi-walled carbon nanotubes were successfully surface 
functionalized with different functional groups, such as -COOH, -OH and -PEDOT. 
The functionalized MWCNTs were characterized by SEM，TGA and FTIR to study 
the morphological changes and to ensure the specific functionalization before the 
fabrication of organic photovoltaic devices. The current-voltage (I-V) measurement of 
P3HT/f-MWCNTs/PCBM OPV devices show that the incorporation of MWCNTs or 
f-MWCNTs to the active layer leads to an increase of the current density by a factor 
of two. 
We also illustrate a facile technique to prepare vertically aligned P3HT 
nanobrushes directly on a substrate. The device showed considerable enhancement in 
photovoltaic response. The photoconductivity of P3HT nanobrush is 10-times greater 
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1.1 Background to solar cells 
The global energy consumption has been increasing in recent decades. Currently 
most of the energy is produced by burning fossil fuels. However, using fossil fuels 
causes environmental issues such as the destruction of the ozone layer also became a 
critical issue as carbon dioxide is the by-product of fossil fuels. Accordingly, 
sustainable alternatives are being sought, such as wind power, tidal power, and 
geothermal power. Among those renewable power sources, solar power which is 
environmentally friendly, limitless and renewable, can be one of the leading 
candidates to solve the global concern. Solar cells, which directly convert sunlight 
into electrical energy, are very special structures for energy generation. In particular, 
polymer-based organic solar cell materials have the advantages of low price and 
easier operation in comparison with silicon-based solar cells. Organic semiconductors, 
such as conductive polymers, dyes, pigments, and liquid crystals, can be 
manufactured cheaply and used in organic solar cell constructions easily. 
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1.2 History of organic photovoltaic cells 
1.2.1 Single layer organic photovoltaic cells 
The single layer device structure of OPV cells is composed of a transparent 
electrode/organic photoactive material/electrode (Figure 1.1). This structure was 
developed by R. N. Marks et al. in 1994 using poly (phenylene vinylene) (PPV) with 
thickness of 50-320 nm sandwiched between an ITO and a low work function cathode. 
The reported quantum efficiencies for this device were around 0.1% under 
O.lmW/cm^ intensity [1]. 
This low efficiency resulted from intrinsically low mobility of charge carriers 
through semiconducting organics. The carrier mobility of semiconducting organics 
remains around 10' cm /V.s, while the mobility of single crystalline silicon is on the 
order about 
This indicates that the charges generated in semiconducting 
organics require much more time to be collected at electrode terminals. The slow 
charge transport increases the percentage of recombination inside the device structure. 
As a result the efficiency of the OPV cell is reduced. The other problem is the exciton 
formation, which are strongly bound dipole charges in photoexcited semiconducting 
organics [2]. Free electrons and holes are more efficient because the bound exciton 
requires an additional exciton dissociation step to induce free charge carriers. This 
affects the rate of free charge carrier generation. In a single layer OPV cell, only the 
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interface between semiconducting organics and a cathode can induce the dissociation 
of excitons into free charge carriers. It was also found that the excitons are more 
efficiently dissociated at the interface between donor and acceptor, and thus a bilayer 
OPV cell was developed by inserting an acceptor layer between a donor 
semiconducting organic and a cathode. 
C|njugatedpo.ym|r 
Transparent electrode ——+ve 
Figure 1.1 Device structure of a single layer OPV cell 
1.2.2 Bilayer organic photovoltaic cells 
The bilayer OPV cell structure includes an additional electron transporting layer 
in the OPV structure. (Figure 1.2) This structure was first fabricated by C. W. Tang in 
1985. This device structure comprise indium tin oxide (ITO) electrode/ copper 
phthalocyanine (CuPc) and perylene tetracarboxylic derivative (PV) layers/ silver (Ag) 
electrode [3]. The reported PCE is 1% under simulated AM2 conditions. This PCE 
increase resulted from improving exciton dissociation efficiency by adding the 
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electron transporting material that forms an offset energy band with hole transporting 
material. However, the reported PCE of bilayer OPV cells is still significantly lower 
than that of inorganic based PV cells. One important reason for this is the short 
exdton diffusion length of excitons in organic semiconductors, which is typically 
around 2- 20 nm [4-6]. 
It was attempted to overcome this limitation in the bilayer OPV cell by using 
buckminsterfullerene, Ceo in which the exdton diffusion length is around 20 nm. P. 
Peumans et al. [7] replaced perylene tetracarboxylic derivative with Ceo as an acceptor 
in the device structure and the device PCE increased to 3.5%. The improvement in 
PCE is due to the longer travel distance of excitons in Ceo- However, since the 
thickness of donor and acceptor layers are around 40-60nm，most of the absorbed 
photons is not efficiently converted to free carriers, and dissipated by exdton 
recombination. The photogenerated excitons are dissociated only near the interface 




of all excitons induced can reach the interface where A = exdton diffusion length, x = 
distance travel by exdton, d = thickness of the organic length. 
Other approaches to building bilayer OPV cells use conjugated polymers. 
Sariciftci et al fabricated the first bilayer OPV cell that used a conjugated polymer 
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where the hole transporting material was MEH-PPV and the electron transporting 
material was C60. In this structure, MEH-PPV plays a role in both absorbing photons 
and transporting holes to an anode, and Ceo transports electrons to a cathode. [8] In 
this OPV cell, the obtained PCE was 0.04% under monochromatic incident light at 
514.5nm, and the performance was only slightly improved compared to single 
polymer layer PV cells. Halls et al. optimized the thickness of conjugated polymer 
and Ceo layer and achieved 9% quantum efficiency under 0.25 mW/cm' intensity [4]. 
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Figure 1.2 Device structure of a bilayer OPV cell 
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1.2.3 Bulk heterojunction organic photovoltaic cells 
Bilayer OPV cells collect very small amounts of excitons created near the 
interface between the donor and the acceptor; bulk heterojunction OPV cells, which 
have an intermixed composite of the donor and the acceptor, have an advantage in 
terms of their having a much larger interfacial area between donor and acceptor. 
(Figure 1.3) 
Yu et al. investigated a phase-separated polymer blend composite made of 
poly[2-methoxy-5-(2 ‘ -ethyl-hexyloxy)-l,4-phenylene vinylene]，MEH-PPV，as a 
donor and cyano-PPV，CN-PPV，as an acceptor [9]. The photoluminescence and 
electroluminescence of both component polymers was quenched in the blend, which 
is indicative of rapid and efficient separation of photogenerated electron-hole pairs 
with electrons on the acceptor and holes on the donor sides. Diodes made with such 
composite semiconducting polymers as the photoactive layer show promising 
photovoltaic characteristics with energy conversion efficiency of 0.9%, which is 20 
times larger than that of diodes made with pure MEH-PPV. 
After discovering the conjugated polymer blend OPV cell, Yu et al. also reported 
improved PCE from the conjugated polymer and Ceo-based bulk heterojunction OPV 
cell. Composite films of MEH-PPV and fullerenes exhibited PCE of about 2.9%, 
which is better by more than two orders of magnitude than what has been achieved 
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with devices made with pure MEH-PPV [10]. The efficient charge separation results 
from electron transfer from MEH-PPV (as donor) to Ceo (as acceptor) at the large 
interface, and the high collection efficiency results from a bicontinuous network of 
internal donor acceptor heterojunctions. 
The next significant improvement in blend OPV cells was achieved using poly 
(3-hexylthiophene) (P3HT) as a hole transporting polymer. Gang Li et al. fabricated a 
blend OPV cell using P3HT and PCBM. The significant improvement in PCE results 
mainly from the crystallinity of P3HT [11]. After casting P3HT and PCBM blend 
solutions on PEDOT:PSS/ITO, the blend film morphology was controlled by varying 
the evaporation rate. During the solvent annealing, P3HT and PCBM formed a 
well-mixed film where P3HT and PCBM form crystalline morphology. This phase 
separated morphology of blend layers enhances the hole mobility of the conjugated 
polymer, and also improves the absorption efficiency from P3HT. The best 
performance from the optimized blend OPV cell is 4.4%. 
Y. Kim et al. also investigated a similar blend OPV structure focused on the 
regioregularity of P3HT [12]. They prepared various P3HT and PCBM blend 
solutions in which P3HT had different regioregularities ranging from 80% to 96%. 
The fabricated devices were thermally annealed to induce phase separation of P3HT 
and PCBM. The investigation revealed that a higher order of regioregularity of P3HT 
7 
helps to form the crystallized fibril-like shape of P3HT, which improves charge 
transport as well as light absorption efficiency. 
To create a hybrid blend OPV cell, inorganic nanoparticles instead of PCBM or 
Ceo were also blended with conjugated polymers. The initial work was conducted 
using CdSe nanoparticles with P3HT. The advantage of this system is that the photo 
physical property and charge transports can be tuned by designing the structure of the 
acceptor. For example, as the size of CdSe nanoparticles increases, the bandgap 
decreases, which means that the absorption band of the acceptor shifts to a longer 
wavelength range [13]. This unique tunability of photophysical properties can be 
utilized to enhance absorption efficiency of PV cells, because a conjugated polymer 
absorbs usually only between 350nm to 650nm, which only absorbs partial UV and 
visual light wave ranges of the solar spectrum. The second merit of the hybrid blend 
OPV cell is the tunability of electrical charge transport. The electrons, after light 
absorption and charge dissociation, are transported to a cathode in two ways: internal 
transport inside a molecule, and electron hopping from one molecule to another. For 
example, in the case that an acceptor has a rod shape instead of spherical shaped 
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Figure 1.3 Device structure of bulk heterojunction OPV cell 
1.3 Device physics of organic photovoltaic cells 
In organic photovoltaic cells, the fundamental process of converting light to 
electricity is composed of four steps below. Figure 1.4 shows a schematic 
representation of a typical solar cell. 
(1) Absorption of light and generation of exciton - Conjugated polymer absorbs 
light at its maximum absorption spectrum. Upon absorption of a photon, an electron is 
excited from the ground state to excited state, leaving a hole with opposite electric 
charge, to which it is attracted by Coulomb force，forming an e-h pair, called exciton. 
(2) Diffusion of the exciton - Due to the relatively high binding energy of conjugated 
polymer, it is impossible to separate exciton into free charge carriers by thermal 
energy at room temperature. In organic solar cells, an electron acceptor is used for the 
dissociation of the strongly bounded exciton. Only photons that can be absorbed 
within the effective exciton diffusion range (around lOnm) at the interface between 
conjugated polymer and electron acceptor contribute to the solar power conversion. 
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(3) Dissociation of the exciton with generation of charge - In order to separate the 
electron and the hole at the donor and acceptor interface, an acceptor material that has 
lower HOMO and LUMO levels than those in donor is energetically favorable. 
Electrons could jump from the LUMO level of donor material to the LUMO level of 
acceptor, with holes staying at the HOMO level of donor. 
(4) Charge transport and charge collection - After free charge carriers are 
generated at the donor and acceptor interface, electrons and holes will transfer via 
acceptor materials and donor materials, respectively towards the electrodes for the 
generation of photocurrent in external circuit. 
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Figure 1.4 Device working principle from light absorption to charge 
collection (Arrow inside HOMO and LUMO represent the electron with positive and 
negative spin) 
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1.4 Device fabrication and characterization 
A typical BHJ solar cell has a structure as shown in Fig. 1.3. The active layer is 
sandwiched between two electrodes, one transparent and one reflecting. The glass 
substrate is coated with indium-tin-oxide (ITO) which is a transparent conductive 
electrode with a high work function, suitable to act as an anode. To reduce the 
roughness of this ITO layer and increase the work function even further, a layer of 
poly(3,4-ethylene dioxythiophene): poly(styrene sulfonate) (PEDOTiPSS) is spin cast, 
followed by the active layer. The top electrode usually consists of a low work function 
metal or lithium fluoride topped with a layer of aluminum, all of which are deposited 
by thermal deposition in vacuum through a shadow mask. 
In order to determine the performance and electrical characteristics of the 
photovoltaic devices, current-voltage measurements are performed, both in dark and 
under illumination. A typical current-voltage characteristic of a solar cell under 
illumination is shown in Fig. 1.5. The current density under illumination at zero 
applied voltage is called the short-circuit current density Jsc. The maximum voltage 
that the cell can supply, i.e.，the voltage where the current density under illumination 
is zero is designated as the open-circuit voltage Voc. The fill factor (FF) is defined as 
f f 二 —孙1 
Jsc Foe 
relating the maximum power that can be drawn from the device to the open-circuit 
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voltage and short-circuit current. The power conversion efficiency is related to these 
three quantities by 
Power = ^  : J碰Vmax = EEI^ 
Pm Pm Pm 
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4 J s c • V o c 
Figure 1.5 Typical current-voltage characteristics of a solar cell showing the Voc, 
Jsc, and FF. 
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1.5 Thesis outline 
In order to improve the organic photovoltaic device performance, the photoactive 
material used and the corresponding device configuration established must meet the 
following requirements: (1) efficient light absorption and exciton generation, (2) large 
exciton diffusion length, (3) efficient exciton dissociation and charge generation at 
interface, and (4) effective transport of charges. Using strategies to maximize each 
step，the performance enhancement of an OPV cell can be effectively achieved. For 
example, light absorption can be improved by bandgap tuning of organic 
semiconductors or stacking multiple PV cells, i.e., tandem cell, where each stacked 
cell absorbs different regions of the solar spectrum. Exciton dissociation can be 
improved by increasing the interface area between donor and acceptor. Finally, the . 
charge mobility in organic semiconductors affects charge transport efficiency. 
After observing the photovoltaic response from the single layer OPV cell, the 
first significant PCE improvement of the OPV cell was achieved by fabricating a 
‘ donor and acceptor bilayer OPV cell. The interface between the donor and acceptor 
has an offset of HOMO and LUMO states, which dissociates excitons. To achieve 
further improvement of OPV cell performance, this concept was enhanced by building 
intermolecularly blended OPV cells with very large interfaces of donor and acceptors 
in molecular scale. The resulting performance of the blend OPV cell was 3-5%, which 
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is 2-3 times better than the bilayer OPV cell. However, the bottleneck of the blend 
OPV cell is that its randomly interdigitated blend layer holes and electrons travel long 
distances before reaching an electrode. This may increase charge recombination 
chance. In addition, the blend layer has a discontinuous island structure in matrix so 
that generated charges in the islands cannot be collected at an electrode, resulting in 
dissipation of absorbed light energy. In this study, we attempted to improve the 
organic photovoltaic device performance in following two approaches. 
Recent studies showed that CNTs not only present remarkable electronic, 
mechanical, and chemical properties; but also act as interpenetrating electrode 
material to improve the dissociation of exciton since the MWCNTs in the polymer 
layer would provide extended region for exciton dissociation at the polymer/CNT . 
interfaces[14-16]. Moreover, holes transport across the P3HT layer would be 
restricted due to the low mobility in the polymer. The MWCNTs, in which the 
mobility is several orders higher in magnitude as compared to that in the polymer, 
would also favor carrier transport. In addition, the MWCNTs may serve as 
"conducting bridges" connecting the polymer chains. In this study, the photovoltaic 
performance of the addition of pure MWCNTs or functionalized MWCNTs into the 
P3HT/PCBM organic photovoltaic cells will be discussed. 
To achieve further improvement of organic photovoltaic cell performance, 
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nanostructured organic photovoltaic cell was expected to overcome the charge 
recombination problem of the blend organic photovoltaic cell, and maintain efficient 
exciton dissociation because of the dimension of nanostructured polymers is 
comparable to the exciton diffusion length. In this study, vertically aligned 
nanobrushes of poly(3-hexylthiophene) (PSHT) nanobrushes were prepared by a 
simple suction-infiltration method. Photoelectrochemical cells using these photoactive 
polymeric nanobrushes are expected to give even much more enhanced power 
conversion efficiency because when the dimension of these photoactive organics and 
polymers is comparable to the exciton diffusion length, the excitons generated need to 
travel less to the interface for dissociation. Also, with the highly increased surface 
area of these nanostructured OPVs，vigorous and numerous interfacial exciton 
breakups are allowed that further improve the device performance. 
16 
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In this chapter, the sample preparation and characterization equipments that 
were employed for present studies are described. 
2.1 Keithley 236 source measure unit 
The unit can measure the current and voltage while acting as a source at the same 
time. The unit can provide voltage from 100 \iW to 110 V and supply current from 100 
fA to 100 mA. It can measure voltage ranging from 10 i^V to 110 V and current from 
10 fA to 100 mA. The unit is programmable and it can be controlled by a computer to 
run different current-voltage tests. 
In this study, Keithley 236 source measure unit was used for measuring the 
current of the P3HT/f-CNTs/PCBM organic photovoltaic cells in chapter 4 while ‘ 
acting as a source at the same time. 
2.2 CHI 660C electrochemical instrument 
CHI660C series are computerized electrochemical instruments. The system 
contains a fast digital function generator, a high speed data acquisition circuitry and a 
potentiostat. The potential control range is 土 lOV and the current range is ± 250mA. 
The instrument is capable of measuring current down to picoamperes. The steady 
state current of a 10 u m disk electrode can readily be measured. The instrument 
enables measurement in a very wide dynamic range of experimental time-scales. For 
instance, the scan rate in cyclic voltammetry can be up to 500V/s with a O.lmV 
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potential increment or 5000V/s with a ImV potential increment. The 
potentiostat/galvanostat uses a 4-electrode configuration, so that it can be used for 
liquid/liquid interface measurements, and to eliminate the effect of contacting 
resistance of connectors and relays for high current measurements. Multiple data 
acquisition systems allow an external input signal (such as spectroscopy signals to be 
recorded simultaneously with electrochemical data. The instrument will also 
automatically re-zero both potential and current, so that periodic recalibration of the 
instrument can be avoided. 
In this study, CHI 660C electrochemical instrument was used for measuring the 
current of the photoelectrochemical cells fabricated based on P3HT nanobrushes in 
chapter 5 while acting as a source at the same time. 
2.3 Tencor alpha step 500 
The profilometer consists of a diamond tip that scans across the surface of the 
sample during measurement. The vertical displacement of the tip is recorded by a 
sensor and converted to a signal analyzed by a control computer. The thickness of the 
polymer film is found by measuring the depth of a narrow trough that was created by 
scratching the film with the sharp tip of a forcep. The resolution of the measurement 
is about lA. Figure 2.1 shows a schematic diagram of the profilometer. 
In this study, the profilometer was used to measure and control the organic 
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Figure 2.1 Schematic diagram of the profilometer 
2.4 Fourier transform infrared spectroscopy 
Infrared spectroscopy is widely used in the identification of characteristic 
chemical bonds in organic compounds. In this study, Fourier transform infrared . 
spectroscopy (FTIR) was used to confirm the proper functionalization of MWCNTs. 
It is based on the absorption of an incident infrared radiation due to the transition 
between the vibrational and rotational states in the organic molecules. There are two 
types of molecular vibrations. One involves changing the interatomic distance, which 
is called stretching. The other one involves the change in bond angle between the 
bonds with a common atom. They can be further classified into different modes 
according to the relative movement of atoms. Only those modes that cause changes in 
the dipole moment are detected in the infrared spectroscopy because the oscillating 
electric field of an incident radiation only interacts with non-zero dipole moment. For 
these IR-active modes, they have their own characteristic absorption frequencies. 
Most of them lie within the mid-IR region (4000 - 400 cm"^). 
20 
The most common mode used in infrared spectroscopy is the transmission mode. 
The spectrum is usually plotted as transmittance against wavenumber. The position of 
each peak indicates the presence of a particular chemical bond and the peak intensity 
is proportional to the amount of that bond in the sample. 
The FTIR spectrophotometer used in the present studies is a Thermo Nicolet 
NeXus Euro. The spectrum is collected by Michelson Interferometer within the 
spectrophotometer. (Fig. 2.2) 
Fixed Mirror 
Beamsplitter 11 '； 
^ 暴 1 ； . 
I W Source 殘 
Movable mirror 「麵 L- i騰] I » sample 
卜 ^ H d t t 
^ detector 
Fig. 2.2 Schematic diagram of Michelson Interferometer 
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The radiation from the source is separated into two beams by a beamsplitter. 
The two beams are reflected respectively by the fixed and movable mirrors. The 
reflected beams form the two mirrors are combined again and directed to the sample. 
As the movable mirror translates, the path difference of the two reflected beams 
changes and so constructive or destructive interference occurs for different 
wavelengths. The signal recorded by the detector can be plotted against the distance 
translated by the movable mirror. The resulted plot is called an interferogram. The 
spectrum can be obtained by carrying the Fourier transform of the interferogram. The 
calculation converts the time-domain signal to a frequency-domain signal. Nowadays, 
the conversion can be done quickly by the computer. 
Compared with the conventional double beam dispersive method, the 
spectrum can be collected much more quickly. Multiple scan then become possible 
and so the signal to noise ratio can further be increased by averaging several scans. 
However, the background cannot be removed in a FT system during scanning as in 
dispersive system that employs double beam setup. It can only be cancelled by 
collecting the background spectrum separately. 
2.5 Thermogravimetric analysis 
Thermogravimetric analysis (TGA) is an analytical technique that enables to 
determine weight changes in relation to the change in temperature. In this study, TGA 
was used to confirm the degree of functionalization of MWCNTs. Such an analysis 
relies on a high degree of precision in three measurements: weight, temperature, and 
temperature change. As many weight loss curves look similar, the weight loss curve 
may require transformation before result interpretation. A derivative weight loss curve 
can be used to indentify the point at which the weight loss is most apparent. Again, 
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interpretation is limited without further modifications and deconvolution of the 
overlapping peaks may be required. 
TGA is commonly employed in research and testing to determine characteristics 
of materials such as polymers, to determine degradation temperatures, absorbed 
moisture content of materials and the level of inorganic and organic components in 
materials. The TGA in the present studies was carried out on a Perkin-Elmer Pyris-l 
series thermal analysis system under nitrogen or air atmosphere at a scan rate of 10°C 
per minute. 
2.6 X-ray diffraction 
X-ray diffraction (XRD) is a versatile, non-destructive technique that 
reveals detailed information about the crystallographic structure of natural and 
manufactured materials. A crystal lattice is a regular three-dimensional distribution 
(cubic, rhombic, etc.) of atoms in space. These are arranged so that they form a 
series of parallel planes separated from one another by a distance d，which varies 
according to the nature of the material. For any crystal, planes exist in a number of 
different orientations - each with its own specific interplanar d-spacing. 
When a monochromatic X-ray beam with wavelength lambda is projected 
onto a crystalline material at an angle theta, diffraction occurs only when the 
distance traveled by the rays reflected from successive planes differs by a complete 
number n of wavelengths. By varying the angle theta, the Bragg's Law conditions 
are satisfied by different d-spacings in polycrystalline materials. Plotting the 
angular positions and intensities of the resultant diffracted peaks of radiation 
produces a pattern, which is characteristic of the sample. Where a mixture of 
different phases is present, the resultant diffractogram is formed by addition of the 
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individual patterns. Based on the principle of X-ray diffraction, a wealth of 
structural, physical and chemical information about the material investigated can be 
obtained. A host of application techniques for various material classes are available, 
each revealing its own specific details of the sample studied. 
X-ray diffraction (XRD) in this studies was performed with a Rigaku RU-300 
x-ray diffractometer with a Cu Ka radiation (X = 1.54178 A) as the source. XRD 
was used to confirm the crystallinity of nanostructured P3HT and P3HT film before 
and after annealing. 
Incident x-rays .Scattered X-rays 
Crystal Lattice 
Figure 2.3 Schematic diagram of X-ray diffraction 
2.7 Scanning electron microscopy 
The scanning electron microscope (SEM) is an electron microscope that 
images the sample surface by scanning it with a high-energy beam of electrons in a 
raster scan pattern. The electrons interact with the atoms that make up the sample 
producing signals that contain information about the sample's surface topography, 
composition and other properties such as electrical conductivity. 
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The types of signals produced by an SEM include secondary electrons, 
back-scattered electrons (BSE), characteristic X-rays, light (cathodoluminescence), 
specimen current and transmitted electrons. The signals result from interactions of the 
electron beam with atoms at or near the surface of the sample. In the most common or 
standard detection mode, secondary electron imaging or SEI, the SEM can produce 
very high-resolution images of a sample surface, revealing details with size from 1 to 
5 nm. Due to the very narrow electron beam, SEM micrographs have a large depth of 
field yielding a characteristic three-dimensional appearance useful for understanding 
the surface structure of a sample. This is exemplified by the micrograph of pollen 
shown to the right. A wide range of magnifications is possible, from about 10-times 
(about equivalent to that of a powerful hand-lens) to more than 500,000 times, about 
1250-times the magnification limit of the best light microscopes. Back-scattered 
electrons (BSE) are beam electrons that are reflected from the sample by elastic 
scattering. BSE are often used in analytical SEM along with the spectra made from 
the characteristic X-rays. Because the intensity of the BSE signal is strongly related to 
the atomic number (Z) of the specimen, BSE images can provide information about 
the distribution of different elements in the sample. For the same reason, BSE 
imaging can image colloidal gold immuno-labels of 5 or 10 nm diameter which would 
otherwise be difficult or impossible to detect in secondary electron images in 
biological specimens. Characteristic X-rays are emitted when the electron beam 
removes an inner shell electron from the sample, causing a higher energy electron to 
fill the shell and release energy. These characteristic X-rays are used to identify the 
composition and measure the abundance of elements in the sample. 
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The scanning electron microscopy used in this study was FEI Quanta 400 and 
was mainly performed the surface morphology inspection of functionalized 
MWCNTs and nanostructured P3HT. 
2.8 Atomic force microscopy 
Atomic force microscopy (AFM) operates by scanning an ultra small tip 
(radius<10nm)，supported on a 100-200 fxm long force-sensing cantilever, over the 
sample and thereby producing a three-dimensional image of the surface. 
Probe-sample interactions induce bending of the cantilever typically measured 
through a laser deflection signal change that is recorded on a photodetector. A 
feedback control system responds to those changes by adjusting the tip-sample 
distance in order to maintain a constant deflection/ distance to the sample surface. It is 
essentially this vertical movement of the tip that translates into a topographical image 
of the surface with accuracy of few nm or less. 
In the static mode the cantilever is scanned relative to the sample while in 
contact or not in contact (e.g. several 10 nm above the surface). Attractive (repulsive) 
tip-sample forces bend the cantilever towards (away) from the sample. According to 
Hooke's law the magnitude of the tip-sample force is proportional to the cantilever 
deflection. 
In the dynamic mode the cantilever is oscillated at or near by its resonance 
frequency. Depending on the way of excitation, the cantilever is externally driven or 
self-oscillating. Any tip-sample interaction influences amplitude, phase or frequency 
of the cantilever. During oscillation the tip may (tapping) or may not (non-contact) 
touch the surface at the lower turnaround point. It is not so straightforward as in the 
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static mode to quantify the magnitude of the tip-sample interaction. In the case of 
long-range interactions the frequency shift is proportional to the force gradient. 
In this study, a cantilever with a conducting Si tip was used for conductive 
AFM, topographical image and current-potential characteristics of nanostrucured 
P3HT are discussed. 
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Figure 2.4 Schematic diagram of atomic force microscopy 
27 
Chapter 3 
Surface functionalization of carbon nanotube 
3.1 Introduction into functionalization methods 
In this chapter, some surface functionalization methods for multi-walled carbon 
nanotubes (MWCNTs) are described and discussed. There are many functionalization 
techniques to prepare MWCNTs with different functional groups. Each method has its 
own advantages and disadvantages. Here, we describe the oxidative and hydrothermal 
treatment, used in the present project. It was found that different functional groups 
were attached to MWCNTs by these two methods, and the functionalization was 
compared by the different characterization methods. • 
3.2 Oxidative treatment 
3.2.1 Experimental procedures 
Commercially available MWCNTs (by chemical vapor deposition method, from 
Shenzhen Nanotech Port Co. Ltd., China) with a nominal diameter of 10 - 20 nm and 
length of 1 - 2 jxm were used. They were first purified by heating in a box furnace at 
400 °C for 2 hours under ambient air environment. They were then functionalized 
using a mixture of concentrated sulfuric acid and nitric acid (vol. / vol. 3:1) for 
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different time intervals (Ihour，4hours, Iday, 3days and 5days) to give MWCNTs 
functionalized with carboxylic acid groups (-C00H).[l-2] We believe that the longer 
the time interval for the functionalization process, the larger the amount of COOH 
groups will be attached onto the sidewall of MWCNTs. Functionalized MWCNTs 
were subsequently collected by centrifuging and rinsed by de-ionized (DI) water for 
several times until the pH value was around 7. 
Figure 3.1 Carbon nanotubes with COOH group attached along the sidewall 
3.2.2 Characterization 
After the functionalization of the MWCNTs, detailed characterization was 
performed. For general characterization, they were dispersed in ethanol, sonicated and 
dispersed on a Si wafer for SEM analysis respectively (Figure 3.2-3.6). Generally, the 
MWCNTs were aggregated together and their average size was about 10-20 nm in 
diameter and 1-2 i^rn in length. The SEM images also reveal that the surface 
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funcationalization process by strong acid treatment unavoidably changes the 
morphology of the MWCNTs, or even breaks carbon nanotubes into short fragments. 
For the longer the time interval for the functionalization process, the more damages 
were found onto the sidewall of MWCNTs. 
The degree of functionalization was determined by thermal gravimetric analysis 
(TGA), which can measure the relative weight of -COOH groups desorbed from the 
functionalized MWCNTs.[3] The weight dropped at around 150°C as an outcome of 
the desorption of -COOH groups because the weight percentage drop increased with 
the increment of the MWCNT functionalization time. The amount of -COOH groups 
introduced for Ihour, 4hours, Iday and 3days functionalization time was found to be 
around 5%, 10，20% and 60%，respectively. (For 5days functionalized MWCNTs, the 
MWCNTs were seriously damaged and shortened, which confirmed by SEM images, 
so the degree of functionalization was difficult to determine.) 
Thermal gravimetric analysis (TGA) under nitrogen gas flow also showed that 
the degradation temperature of f-MWCNT was significantly dependent on the 
carboxylic acid groups (-COOH) content (Figs. 3.7). We evaluated the temperature at 
maximal weight loss rate (Tmwlr) from their curves and found that the Tmwlr value 
decreased with the increment of the carboxylic acid groups (-COOH) contents. The 
degradation temperatue of pure MWCNT was about 650 The Tmwlr value of 
30 
Ihour, 4hours, Iday and 3days functionalization time was found to be around 635, 
620，590 and 475°C, respectively. The lowering of Tmwlr should be caused by the 
serious damage of the sidewall of CNTs or shortening of CNTs upon prolonged 
oxidation. 
Figure 3.2 SEM image of the functionalized MWCNTs for 1 hour. 
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Figure 3.3 SEM image of the functionalized MWCNTs for 4 hours. 
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Figure 3.4 SEM image of the functionalized MWCNTs for 1 day. 
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Figure 3.5 SEM image of the functionalized MWCNTs for 3 days. 
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Figure 3.6 SEM image of the functionalized MWCNTs for 5 days. 
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Figure 3.7 TGA curves of MWCNTs functionalized with different time. 
One objective in this work is to modify the surface of the MWCNTs so that they 
can be applicable to devices fabrication because the pure MWCNTs have limited 
solubility and are difficult to process, such a low solubility and a high aggregation 
tendency to form bundles will eventually spoil their potential applications. However, 
the oxidative treatment required harsh solvents and the functionalization time was 
hard to control in order not to damage the MWCNTs. 
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3.3 Hydrothermal treatment 
Multi-walled carbon nanotubes bearing hydroxyl groups (MWCNTols) on the 
exterior surface have been synthesized by an alkaline-mediated hydrothermal 
treatment of MWCNTs. The prepared MWCNTols are highly soluble in polar solvents 
such as water and methanol，to give robust stable black solutions. On the other hand, 
the hydroxyl group, due to its capability of converting to a variety of organic 
functionalities, should be a useful precursor for surface modification of carbon 
nanotubes [4]. 
3.3.1 Experimental procedures 
3.3.1.1. Functionalization of MWCNTols 
In a typical reaction, pristine MWCNTs (2.5 g) were mixed with an aqueous 
solution (50 mL) of sodium hydroxide (2.0 M). After being stirred for 5 minutes, the 
mixture was transferred into a stainless steel reaction autoclave (50 mL) with a 
polytetrafluoroethylene liner. The autoclave was sealed and heated at 180 for 2 
hours, then cooled to room temperature. The reaction mixture was filtered through a 
0.45 mm polyvinylidene fluoride (PVDF) membrane, and the solid was washed with 
deionized water until the pH value reached 7.0, washed with methanol, and dried 
overnight in vacuum at 40 °C，to give MWCNTols (shown in figure 3.8) as a black 
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solid. 
OH OH OH OH 
Figure 3.8 Carbon nanotubes with OH group attached along the sidewall 
3.3.1.2. Functionalization of MWCNT-PEDOT 
In a typical reaction, de-ionized aqueous solution (45 mL) of MWCNTols (30 
mg) in a flask (100 mL) was added PEDOTiPSS solution after sonication for 5 
minutes. After being stirred for 5 minutes, the mixture was transferred into a stainless 
steel reaction autoclave (50 mL) with a polytetrafluoroethylene liner. The autoclave 
was sealed and heated at 180 for 2 hours, then cooled to room temperature. After 
being cooled to room temperature, the mixture was centrifuged and the solid part 
collected was washed with de-ionized water, methanol, and dried overnight in vacuum 
at 40 to give MWCNT-PEDOT (shown in figure 3.9) as a black solid. 
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Figure 3.9 Carbon nanotubes wkh PEDOT group attached along the sidewall 
3.3.2 Characterization 
The SEM image of MWCNT-ols (Figure 3.10) shows that the morphology and 
length of MWCNTs are well retained, indicating that the hydrothermal treatment does 
not affect the tubular structure of MWCNTs. 
FTIR spectroscopy was carried out to confirm the funcationalization of 
MWCNTs. MWCNTols display an IR spectrum with a broad band centered at around 
3450 cm-1 (Fig. 3.11)，characteristic of a stretching vibrational mode of an OH group. 
In addition, a vibrational band at 1585 cm-1 is typical of a stretching mode of an OH 
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group in an enol C=C-OH form. These typical bands indicate that hydroxyl groups 
are introduced to the exterior surface of MWCNTs upon hydrothermal treatment with 
sodium hydroxide. 
mam 
Figure 3.10 SEM image of the MWCNT-ol 
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Figure 3.11 FTIR spectrum of the MWCNT-ols 
Wavenumber ( c m � peak assignment 
3452 OH stretch 
1585 C=C-OH form 
1385 C-H 
Figure 3.12 Band assignment for MWCNT-ols 
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Figure 3.13 and 3.14 showed the IR spectrum and the absorption band 
assignment of MWCNT-PEDOT. Figure 3.15 showed the structure ofPEDOTiPSS. 
IR spectrum with a band at around 519 cm'^  was the characteristic of a C-S 
bonding; 976 cm'^  and 1198 cm"^  were the characteristic of C-O-C stretch asymmetry; 
576 cm-i，833 cm"^  and 1089 cm"^  were the characteristic of p-phenylene out-of-phase 
ring bend, p-phenylene CH out of plane bend and p-phenylene CH in plane bend 
respectively. These typical bands indicate that PEDOT:PSS are introduced to the 
exterior surface of MWCNTs upon hydrothermal treatment. 
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Figure 3.13 FTIR spectrum of the MWCNT-PEDOT 
Wavenumber (cm'^) peak assignment 
3441 OH stretch 
2922,1384 C-H 
1198 C-O-C stretch asymmetry 
1089 p-phenylene CH in plane bend 
976 C-O-C stretch asymmetry 
833 p-phenylene CH out of plane bend 
576 p-phenylene out-of-phase ring bend 
519 C-S 
Figure 3.14 Band assignment for MWCNT-PEDOT 
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Figure 3.15 Structure of PEDOT:PSS 
3.4 Summary 
MWCNTs were functionalized by two different methods: oxidative treatment by 
strong acids and hydrothermal treatment. The f-MWCNTs produced from oxidative 
treatment unavoidably damage the sidewall of nanotube or even break carbon 
nanotubes into short fragments. 
F-MWCNTs made from hydrothermal treatment are highly soluble in polar 
solvents such as water and methanol. One important character of the present synthetic 
method is that the morphology and dimensions of the carbon nanotubes can be well 
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retained. The funcationalized MWCNTs made from hydrothermal treatment will be 
used to prepare the organic photovoltaic cells and this will be discussed in Chapter 4. 
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Chapter 4 
P3HT/f-CNT/PCBM Composites for Organic Photovoltaic Cells 
4.1 Introduction 
In 1995, Yu and al. have demonstrated a substantial improvement in 
polymeric solar cells by introducing the Bulk-Heterojunctions [1]: more than 5% of 
efficiency has been measured in the past [2]. This concept has also been demonstrated 
in small-molecular organic photovoltaics [3]. BHJ cells are based on the concept of 
mesoscopic mixing of two materials (acceptor and donor) to generate random 
nanophase domains. A uniform and extended donor-acceptor distribution at the 
molecular level allows for maximum charge generation; however, collection of the 
charges must be ensured as well. These simultaneous requirements contradict with a 
too fine-scale mixing since each material must provide continuous pathways along 
which the charges can be readily transported to the electrodes. Bottlenecks and 
isolated domains can act as charge traps and charge recombination centers; thus, 
reduced carrier mobility [4] and increased cell series resistance [5] are potential issues 
in blend heterojunctions photovoltaic devices. Like other semiconducting polymers, 
Polythiophene has a rigid backbone of conducting conjugated rings, with floppy 
non-conducting alkyl-side groups to provide solubility. The polymer conduction is 
highly anisotropic, with one dimensional movement of charge carriers along the chain. 
As the conductivity of a macroscopic film is only as good as the weakest link in the 
conduction path, the fundamental problem in achieving high mobility is the efficient 
transfer of charge from one polymer chain end to another. Even a gap that is a fraction 
of a nanometre effectively prevents charge transfer. An amorphous polymer conducts 
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poorly because the chains are randomly positioned. Due to the trade-off between 
efficient dissociation of excitons on one hand and loss-free charge transport on the 
other，a uniform phase-separation throughout the film may even not be the 
best-performing configuration. 
With an aim to improve the performance of the photovoltaic cells, carbon 
nanotubes (CNTs) have recently been incorporated into the devices due to their 
unique electronic and mechanical properties of significant technological interest, 
CNTs represent a class of advanced materials for a wide variety of applications in 
nanoscale devices, biosensing, and field-emission displays [6-9]. Such applications 
include the incorporation of CNTs into organic matrices for the formation of 
composites because the resulting composites may exhibit characteristics that differ 
from those of the individual components. In particular, CNT/conducting polymer 
composites attracted special interest due to the potential creation of synergistic effects 
between the two components. Multi-walled carbon nanotubes (MWCNTs) and 
single-walled carbon nanotubes (SWCNTs) were considered as a substitute of indium 
tin oxide (ITO) to act as the electrode to collect holes.[10-ll] This was not only for 
photovoltaic applications but for all optoelectronic devices in general.[12-13] 
Although the resistivity of CNT electrodes is more important than those of ITO, 
performances of the solar cells are better. This is mainly because of the higher contact 
area between the CNTs and the polymer and the higher work function of the CNTs. 
To develop successful CNT/conducting polymer composites, it is desirable to 
disperse CNTs homogeneously throughout the conducting polymers, where a good 
miscibility of the nanotubes and polymers is important. Because CNTs are 
intrinsically bundled and heavily entangled due to the high van der Waals forces of 
attraction between adjacent tubes, achieving their fine dispersion in the polymer 
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matrix is difficult. [14] The simple mixture of CNTs and conducting polymers often 
results in phase separation during the processing procedure, and thus self assembly 
and morphological organization of the surface coating remain challenging. To 
overcome these problems, chemical modification of CNT walls and end caps can be 
employed to provide more stable linkage to introduce organic molecules on the CNT 
surfaces. 
Recent studies showed that bulk-heterojunction photovoltaic devices based on 
blends of conjugated polymers such as poly(3-hexylthiophene) (PSHT) and the 
fullerene derivative l-(3-methoxycarbonyl) propyl-1-phenyl [6;6]C6i (PCBM) have 
achieved efficiencies of almost 4-5%under AM1.5 illumination.[15-16]. With the 
view to increase the efficient charge separation at the P3HT/PCBM interface and the 
efficient electron transport through MWCNTs, the photovoltaic performance of the 
addition of MWCNTs or f-MWCNTs into the P3HT/PCBM organic photovoltaic cells 
will be discussed in this chapter. 
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4.2 Fabrication procedure 
The device structure of a photovoltaic cell is shown in Fig. 4.1. The first layer 
covering the ITO patterned glass plate is PEDOT: PSS，which acts as a hole 
transporting layer. The second layer is photoactive layer which contains f-MWCNTs 
in composite based on an electron donating conjugated polymer (P3HT) with an 
electron accepting fullerene (PCBM). The aluminum metal on the surface of the 
photoactive layer acts as a cathode. It is connected to another ITO strips on the glass 
plate for circuit connection. 
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Fig. 4.1 Device structure of the organic photovoltaic cell 
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The whole fabrication process involves the following procedures: 
(1) Cleaning of the ITO patterned glass 
(2) Spin-coating of the PEDOT:PSS 
(3) Spin-coating of the photoactive layer 
(4) Deposition of the metal cathode 
(1) Cleaning procedure of the ITO patterned glass 
Wetting is necessary for the formation of a thin film on any substrate during 
spin-coating. The ITO patterned glass plate was cleaned thoroughly in order to 
remove the grease, hydrocarbon contaminants and any other impurities so that the 
glass surface can be uniformly wetted by the PEDOT:PSS solution. 
In the first step of the cleaning procedure, the large dust particles on the glass 
plate were gently rubbed off with a cotton swab soaked with acetone or ethanol. 
Subsequently, the rubbed glass plate was cleaned sequentially by the following 
solvents in an ultrasonic water bath: 
Solvents Time/min 
Acetone 10 
, Alkaline detergent 10 
Deionized water 10 
Deionized water 10 
Propan-2-ol 10 
After the ultrasonic cleaning, the solvent remaining on the surface was blown off by 
nitrogen gas. Then the glass plate was dried in an vacuum oven (70°C, O.OlmPa) for at 
least an hour to remove the residual solvent. 
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Finally, the dried glass plate was cleaned with oxygen plasma so that any 
residual solvent or hydrocarbon contaminants adsorbed on the surface could be 
thoroughly removed. This step is the most critical one in the cleaning procedure. It 
determines whether the PEDOT: PSS solution can wet the glass surface or not. 
(2) Spin-coating of the PEDOT:PSS 
After the plasma cleaning, the PEDOT: PSS solution was introduced 
drop-wise on the glass plate and spinned at 1800 rpm for 60s. The solution droplet on 
the glass plate would retract instead of spreading if the ITO patterned glass substrate 
was not clean enough. 
The PEDOT: PSS coated ITO/glass substrate was then dried immediately in 
an vacuum oven (90°C，O.OlmPa) for at least 2 hours to remove the water (i.e. the 
solvent of PEDOT) completely from the polymer film. The thickness of the 
PEDOT:PSS layer obtained in this setting was about 40 nm. 
(3) Spin-coating of the photoactive layer 
P3HT and PCBM (weight ratio 1:1) were dissolved in chlorobenzene to give a 
concentration of lwt% of P3HT in a mixture. Functionalized MWCNTs were then 
added to a P3HT/PCBM mixture to give 0.5wt% against P3HT solutions. The 
P3HT/f-CNTs/PCBM mixture was under sonication at 80�C for 30min. The 
P3HT/f-CNTs/PCBM solution was spinned at 1600 rpm for 60s in fabricating the 
photovoltaic device. Since both P3HT/f-CNTs/PCBM and PEDOT: PSS are organic 
materials, it is easy for P3HT/f-CNTs/PCBM to wet on the PEDOT:PSS surface and 
form a homogenous thin film of thickness of about 100 nm. 
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(4) Deposition of the metal cathode 
The edge of the spin-coated polymer on the ITO patterned glass substrate was 
scratched away on order to create a conducting path, as shown in Fig. 4.1. The 
cathode was formed on the polymer surface by thermal evaporation of aluminum in 
the main chamber at 1 x 10"^  Ton. The deposition was patterned by using a steel 
shadow mask that was placed on top of the glass substrate. If possible, the polymer 
coated glass plate should be left in vacuum for a short time before the metal 
deposition. It allows the trapped solvent in the polymer to escape, which improves the 
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stability of the device. The aluminum metal was deposited at a rate of about 3-5 A/s to 
a thickness of about lOOOA. 
4.3 IV characteristics of organic photovoltaic cells 
The power conversion efficiency of these bulk-heterojunction polymer 
photovoltaic cells is directly correlated to the open-circuit voltage (Voc)，the 
short-circuit current (Isc), and the fill factor (FF) delivered by these devices under 
illumination. In order to enhance the photovoltaic performances, the increase of these 
crucial factors is necessary. The current density is directly correlated to the mobility 
of the charges in the semi-conducting material, which avoids charge recombination at 
the interface between the two materials and allows good charge collection at the 
electrodes. However, in bulk-heterojunction systems, the intimate blending of the 
electron and hole transporting materials leads to a detrimental charge carrier 
recombination in these devices. This obstacle was overcome by thermal treatment to 
obtain a nanostmctured donor-acceptor morphology that increases the current density 
[17-18]. Similarly, the formation of nanostmctured materials could be achieved by the 
elaboration of fibrillar structures of P3HT in solution followed by spin-coating 
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deposition [19]. This also leads to an increase of the mobility and to better cell 
performances. With an aim to improve the performance of the photovoltaic cells, 
MWCNTs or f-MWCNTs have been incorporated into organic photovoltaic devices 
and current density of the organic photovoltaic cells from different 
P3HT/f-MWCNT/PCBM composities will be discussed and compared. 
Table 4.1 showed the organic photovoltaic cells obtained from spin coating of 
the different P3HT/f-MWCNT/PCBM solutions. The PV characteristics were studied 
by measuring the current-voltage (I-V) curves under illumination of a white light 
emitting diode (LED). Figure 4.2 show the current density at the short circuit of 
organic photovoltaic cells from different P3HT/f-MWCNT/PCBM composities. Table 
4.2 shows the corresponding Voc, Isc and current density at the short circuit of the 
organic photovoltaic cells from different P3HT/f-MWCNT/PCBM composities. 
The photocurrents obtained from the organic photovoltaic cells with the 
addition of MWCNTs into P3HT/PCBM composites were higher than that with only 
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general P3HT/PCBM composite. The current density at the short circuit (mA/cm ) of 
the cells from P3HT/MWCNT/PCBM, P3HT/MWCNTol/PCBM and 
P3HT/MWCNT-PED0T/PCBM were 1.25，1.56 and 1.91-times higher than that from 
P3HT/PCBM cell. ‘ 
In the case of different photovoltaic devices, the incorporation of MWCNTs or 
f-MWCNTs in the active layer leads to an increase of the current density up to a 
factor of two. This increase of current density is expected to be correlated to the 
increase of carrier mobility because of the MWCNTs in the P3HT/PCBM matrix. The 
carrier mobility in semiconducting organics is around 10'^  cm^/V-s, while the mobility 
of MWCNT is about 10^ cm^A -^s order, that is several order of magnitude higher. As 
MWCNTs can be used as an interpenetrating electrode material to easily extract the 
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hole of a P3HT/PCBM layer [20-22], as shown in the schematic energy diagram level 
presented in Figure 4.3. The work function of MWCNTs is dependent on how the 
nanotubes are synthesized and functionalized. This high work function implies that 
holes are injected from the blend to the nanotubes, which allows extraction of them to 
the electrodes. This could explain the high current density obtained when MWCNTs 
blend with P3HT/PCBM composite. 
In particular, the advantages of the addition of MWCNTs in photovoltaic 
devices are, however, somehow hindered due to their insolubility and, hence, 
difficulties in homogeneous film formation because MWCOTs are intrinsically 
bundled and heavily entangled due to the high van der Waals forces of attraction 
between adjacent tubes, which results in phase separation during the processing. In 
general, functionalized MWCNTs can yield homogeneous films and further facilitate 
charge conduction in the photovoltaic devices, which avoids charge recombination at 
the interface and allows good charge collection at the electrodes. 
In addition, the PEDOT functionalized MWCNTs showed the highest current 
density at short circuit in photovoltaic performance. It is well known that the 
charge-carrier mobilities of macroscopic samples of solution-processed 
thiophene-type conducting polymers films are generally limited because of their low 
crystallinity by the rate of hopping between polymer chains in disordered regions of 
such films. It was believed the formation of the interaction between the thiophene 
rings in P3HT backbones and the PEDOT groups in surface functionalized nanotubes 
played a key role as conducting bridges connecting the disordered regions in the films, 
which further enhanced the carrier mobility in the active layer. Figure 4.3 showes the 
molecular structure of regioregular P3HT. 
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Table 4.1 The organic photovoltaic cells of the different 
P3HT/f-MWCNT/PCBM composites 
一 Sample “ 
1 ~ • 1:1 wt% P3HT/PCBM 
2 1:1 wt% P3HT/PCBM + 0.5wt% MWCNT — 
~ 3 1:1 wt% P3HT/PCBM+ 0.5wt% MWCNTols 
_ 4 I 1:1 wt% P3HT/PCBM+ 0.5wt% MWCNT-PEDOT | 
Table 4.2 The corresponding Voc, Isc and current density at the short circuit of 
organic photovoltaic cells from different P3HT/f-MWCNT/PCBM composities 
Sample Voc Isc (mA) mA/cm2 
1 1:1 wt% P3HT/PCBM 0.62 1.362E-05 1.135E-04 
“ I 1:1 wt% P3HT/PCBM + ~ " iT iTTi r z i r z “ 
2 0.5wt% MWCNT 1-422E-04 
3 二 M + 062 2.130E-05 1.775E-04 
0.5wt% MWCNTols 
~ ^ 1:1 wt% P3HT/PCBM+ ~ ~ ~ ~ ~ r n r m “ 
4 0.5wto/o MWCNT-PEDOT 。现 2.601 E-05 2.167E-04 
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Figure 4.2 The current density at the short circuit of organic photovoltaic cells 





^ -3.3eV \ 
> 个 -3.7eV i t 
二 -4.3eV 
E^  L PCBM Al 
S f � h+ Al 
-B.OeV N w 





Figure 4.3 Energy level of the P3HT/f-MWCNT/PCBM composites photovoltaic 
cells. 
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Figure 4.4 Molecular structure of regioregular P3HT 
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Vertically aligned poly(3-hexylthiophene) nanobrushes of high 
aspect ratio for photoelectrochemical solar cells 
5.1 Introduction 
In order to improve the organic photovoltaic device performance, the photoactive 
material used and the corresponding device configuration established must achieve 
the following requirements: (1) efficient light absorption and exciton generation, (2) 
large exciton diffusion length, (3) efficient exciton dissociation and charge generation 
at interface, and (4) effective transport of charges. Thus, tremendous efforts were 
made by scientists worldwide using different approaches ranging from synthesis of 
new OPV materials to design and construction of new device architecture, such as 
two-layered devices [1]，bulk heterojunction polymer-fullerene devices [2-5] and 
organic-inorganic hybrid devices [6-9]. As referring to the last type of structures, it 
was demonstrated that hybrid structures made of inorganic nanoparticle systems and 
organic materials could represent an interesting and promising alternative for 
obtaining low-cost, high-efficiency solar cells. The most well known of such a system 
is the dye-sensitized nanostructured solar cell developed by Gratzel. Thanks to the 
successful combination of nanostructured electrodes and efficient charge injection 
dyes, Gratzel and his co-workers developed a solar cell with energy conversion 
efficiency exceeding 7% in 1991 and 10% in 1993 [10-14]. This solar cell is called 
the dye sensitized nanostructured solar cell or Gratzel cell after its inventor. In recent 
years, by the introduction of organic hole conductors [14,15] as replacement for the 
liquid electrolytes in electrochemical solar cells and by the exchange of the electron 
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conducting acceptor materials in integral-organic heterojuntion devices with inorganic 
nanostructured films, [16-19], open the way to obtain high efficiency hybrid 
solid-state dye-sensitized solar cells. To reach this desiderate it is necessary a very 
high knowledge and understanding of the electrical and optical properties of the new 
organic and inorganic materials, potential candidates for photovoltaic applications 
together with the photovoltaic mechanisms in different design of the solar cells 
structure. 
While substantial works have been performed with inorganic nanomaterials in 
OPVs of different configurations with certain degree of success, there are still much 
room for improvement from their own limitations and weaknesses. On the other hand, 
despite the success with inorganic nanomaterials, the function of them is mainly 
limited to enhancing exciton breakup and electron transport. Unlike their organic 
partners, e.g. P3HT, they are not the core photoactive component which more 
fundamentally controls the overall device performance. However, reports on 
preparation and use of nanostructured organic or polymeric PV material are rare. 
Berson et. al reported preparation of P3HT nanofibers in 2007;[20] while Xin et. al 
prepared poly(3-butythiophene), P3BT nanowires in 2008.[21] Both groups fabricated 
solar cells based on their polymer nanostructures by blending them with Cei-butyric 
acid methyl ester (PCBM) and casting them on glass/ITO substrates. Both resultant 
composite layers consisted of randomly oriented "spaghetti-like" P3HT nanofibers or 
P3BT nanowires scattered within the matrix. Although the polymeric nanostructures 
were not well aligned and standing onto substrates, both types of PV cells 
demonstrated enhanced power conversion efficiency up to 3%. 
In this chapter, we show a facile technique to prepare vertically aligned 
nanobrushes of poly(3-hexylthiophene) (P3HT) nanobrushes directly on a substrate. 
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The photoelectrochemical device fabricated with it shows enhanced photovoltaic 
response. The enhancement is attributed to (i) increased surface area with shrunken 
dimension to allow substantial exciton dissociation at the interface, and (ii) increased 
conductivity (as revealed by the current-voltage measurement by conducting atomic 
force microscopy) through induced molecular alignment of PSHT chains driven by a 
uni-directional driving force applied during preparation as supported by the x-ray 
diffraction analysis. 
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5.2 Sample preparation 
In this work, we have demonstrated a simple method to fabricate aligned, high 
aspect ratio (approximately 300 ;�200 nm in diameter and -60 \im tall) nanowires 
composed of poly(3-hexylthiophene). PSHT nanowires were prepared by injection of 
PSHT solution (Iwt % in chlorobenzene) into commercial available anodic aluminum 
oxide (AAO) templates (25 mm in diameter,�60 \im thick) by syringe. The driven 
force applied was � 2 0 N and the corresponding fluid flow is � 1 cm/min. Cavities 
within the AAO would be totally filled with the PSHT solution by forced injection. 
Excess PSHT was cleaned from the alumina template surfaces. A clear differentiation 
from the work by Coakley et, al[22] is stated here that active force injection was 
adapted here instead of passive infiltration of polymeric solution. It will be later 
shown that uni-directional force injection is one of the key factors in preparing 
vertically aligned high aspect ration PSHT nanobrushes with molecular alignment. 
After force injection, one side of the PSHT filled AAO template was deposited a layer 
of gold (300 nm) by radio-frequency magnetron sputtering, resulting in an electrode 
for the subsequent photovoltaic photoelectrochemical cell (PEC). Afterwards AAO 
template was removed by immersing into the 5 wt % KOH aqueous solution. Typical 
vertically aligned high aspect ratio PSHT nanobrushes on gold electrode was shown in 
Figure 5.1. Vertically aligned PSHT nanobrushes are clearly observed homogeneously 
standing on the substrate. Each trunk has a diameter of � 2 0 0 nm. At the top tip, each 
trunk bursts into short hairy structures (~100 nm long), each having a diameter of 
�10-20 nm. 
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(a) 
(b) 
Figure 5.1a)&b). SEM images of vertically aligned high aspect ratio P3HT 
nanobmshes at different magnifications 
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5.3 IV characteristics of P3HT nanobrushes 
Photoelectrochemical cells (PECs) were fabricated based on these 
nanobrush-decorated Au electrodes as cathodes, a platinum mesh as anode in a redox 
electrolytic solution containing Lil (0.5 mol/1) and h (0.05 mol/1) in 3-
methoxyproponitrile. The schematic setup for the photovoltaic PEC solar cells 
characteristics measurement was shown in Figure. 5.2. The PV characteristics of 
PECs were studied by measuring the current-voltage (I-V) curves in dark and under 
illumination of a white light emitting diode (LED). For comparison, thin-film 
PSHT/Au electrode was fabricated and its PV response was also measured. The 
amount of P3HT used for both preparations of nanobrushes and thin film were kept 
roughly the same so that they have similar light-adsorbing mass. Figure 3 shows the 
corresponding I-V characteristics of PECs fabricated with vertically aligned P3HT 
nanobrushes and with solution-cast P3HT thin film on Au. The photocurrent obtained 
from PEC with vertically aligned P3HT nanobrushes is substantially higher than that 
with general P3HT thin film. The short-circuit current, Isc，of the former is � 5 times 
stronger than the latter. Please note that the current PEC system was employed as an 
exemplary platform demonstrating the unique characteristic of P3HT nanobmsh. 
However, the cell configuration is far from optimization and the best possible 
architecture. Despite this, the superiority of P3HT nanobrushes over conventional 
P3HT thin film is evident. 
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Figure 5.2 The schematic setup for the photovoltaic PEC solar cells 
characteristics measurement 
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Figure 5.3 I-V characteristics of PECs fabricated with vertically aligned P3HT 
nanobrushes and with general solution-cast P3HT thin film 
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5.4 AFM and XRD analysis 
The increased surface area offered by P3HT nanobrushes can undoubtedly 
increase the yield and efficiency of exciton dissociation which occurs at the interface 
between P3HT nanobrushes and the I2/I3 - electrolyte. Besides, in a parallel 
experiment by using conducting atomic force microscopy (cAFM), the 
photoconductivity of the vertically aligned P3HT nanobrushes and conventional 
P3HT thin film were compared. During measurement, a conducting cantilever for 
cAFM was loaded and touched the sample surface, which acted as a counter electrode 
resulting in a sandwiched structure of Au/P3HT (film or nanobrushes)/Si. Figure 5.4a 
and 5.4b shows the 2D and 3D topographical images of P3HT nanobrushes. Figure 
5.5 shows the corresponding current-potential characteristics measured by cAFM. 
P3HT nanobrush shows a much higher photoconductivity along the nanobrush, i.e. in 
the perpendicular direction to the substrate surface. At an applied potential of 80 
mV/|xm, the photocurrent measured on nanobrush was 878.1 pA，while that on 
spincast P3HT thin film was only 85.6 pA. The photoconductivity of P3HT 
nanobrush is more than 10 times stronger than that on P3HT thin film that is generally 
used for PV device fabrication. This exceptional enhancement in photoconductivity is 
attributed to the molecular alignment of the P3HT chains during forced injection. It is 
well accepted that the molecular orientation of thiophene-type conducting polymers 
plays a pivotal role in their conductivity.[23] Previous reports demonstrated that post 
annealing of P3HT thin film for solar cell fabrication can improve the crystallinity, 
and thus the molecular order of P3HT chains, which can greatly improve the device 
performance.[24-26] The improved crystallinity after post annealing treatment was 
shown by the emergence of the (100) reflection at around a two-theta value of -5° in 
X-ray diffraction analysis. 
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X-ray diffractograms (figure 5.6) of our P3HT nanobrushes and solution-cast 
P3HT thin film before and after thermal treatment show that thermal treatment did 
transform the solution-cast P3HT film into highly crystalline; while for P3HT 
nanobrushes, as-prepared nanobrushes already display a strong (100) reflection and 
further thermal treatment did only little effect on the crystallinity. This demonstrates 
that molecular ordering of P3HT chains can already be achieved by a simple forced 
injection, leading to a dramatic increase in electrical conductivity in the perpendicular 
direction to the substrate surface. 
0 0,50 0.75： 1,00 ^ -I J 1 0,2, 0.4 0,6 0.8 Mm jm 
Figure 5.4 (a) 2D AFM image of P3HT nanobrushes. (b) 3D morphological image 
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Figure 5.5 Current-potential characteristics on P3HT (film)/Au (circles) and P3HT 
(nanobrushes)/Au (triangles) in dark (solid shapes) and under light illumination (open 
shapes) as measured by using cAFM. 
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Figure 5.6 X-ray diffractograms of P3HT nanobrushes and solution-cast P3HT thin 
film before and after thermal treatment 
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5.5 Summary 
In this work, two factors: (i) the increase in conductivity perpendicular to the 
substrate surface offered by forced injection, and (ii) the much increased surface area 
offered by PSHT nanobrushes, contribute mainly to the enhanced photo-response 
observed, such that with the same device structure and materials, PECs with PSHT 
nanobrushes excel those with conventional PSHT thin film devices. The first factor 
particularly helps surpass the previous limitation on the thickness of PSHT thin film 
to within � 1 0 0 nm for thin film PV device owing to the generally poor conductivity in 
the direction perpendicular to the surface of electrode.[27] The reported preparation of 
vertically aligned PSHT nanobrushes is facile, scalable，inexpensive, and can be 
basically applied to all other polymers in a solution with reasonable flow 
characteristics. Considering all these, the current work and findings are expected to 
impose a significant impact to the science and technology of polymeric solar cells and 
photovoltaics, which in turn can bring a big forward leap in the development of next 
generation sustainable energy. 
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In this project, the organic photovoltaic cells were fabricated using (i)surface 
functionalized multi-walled carbon nanotubes blend with P3HT/PCBM composites 
and (ii)P3HT nanobrushes. The photovoltaic performance of the OPV devices was 
also studied. 
MWCNTs were functionalized by two different methods: (i)oxidative treatment 
by strong acids and (ii)hydrothermal treatment. The functionalization of MWCNTs 
was characterized by SEM, TGA, and FTIR to study the morphology changes and to • 
confirm the proper MWCNTs functionalization. The f-MWCNTs produced from 
oxidative treatment unavoidably damage the sidewall of nanotube or even break 
carbon nanotubes into short fragments. F-MWCNTs made from hydrothermal 
treatment are highly soluble in soluble in polar solvents and the morphology and 
dimensions of the carbon nanotubes can be well retained. 
The results of the IV measurement of P3HT/f-MWCNTs/PCBM OPV devices 
showed that the incorporation of MWCNTs or f-MWCNTs in the active layer leads to 
an increase of the current density up to a factor of two. This increase of current 
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density may be correlated to the increase of carrier mobility because of the MWCNTs 
in the P3HT/PCBM matrix. The current densities were further enhanced when 
incorporating the functionalized MWCNTs in the active layer because of the increase 
in homogeneity in the films, which avoids charge recombination at the interface and 
allows good charge collection at the electrodes. 
Moreover, we showed a facile technique to prepare vertically aligned 
nanobmshes of poly(3-hexylthiophene) (P3HT) nanobmshes directly on a substrate. 
The device showed significantly enhanced photovoltaic response. The enhancement is 
attributed to (i) increased surface area with shrunken dimension to allow substantial 
exciton dissociation at the interface, and (ii) increased conductivity through induced 
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